The composition and isotopic values of natural gas in the Sinian Dengying Fm, Cambrian Qiongzhusi Fm, Longwangmiao Fm and Xixiangchi Fm in the Sichuan Basin exhibit different features in different tectonic position, causing controversy over its origin and sources. The geochemical features of the natural gases in this area were compared based on previous research results and large amounts of drilling data of new exploration wells. The results show: (1) The natural gas is typical dry gas on the whole, with hydrocarbon gas in dominance, and a methane content of 74.85%e 97.35%, mostly 83.0%e96.0%; due to different clay contents in source rocks, the difference in non-hydrocarbon gas mainly lies in N 2 and He content, with gas in Weiyuan and Ziyang areas having high contents of N 2 and He, while gas in Gaoshiti and Moxi areas having low N 2 and He. (2) Natural gases in different regions differ greatly in carbon isotope value (d 13 C 1 and d 13 C 2 ). The d 13 C 1 of natural gas in Cambrian system of Ziyang area is the lightest, from À38.0‰ to À35.5‰, and that in other regions is from À33.9‰ to À32.0‰, indicating different capture stages of natural gases. For example, gas captured in early stage is relatively light in carbon isotope; the carbon isotope value (d 13 C 2 ) of gas from Sinian and Cambrian system in Weiyuan is from À36.5‰ to À32.7‰; that from the Longwangmiao Fm in Gaoshiti and Moxi is from À33.6‰ to À31.8‰, but that in the Dengying Fm in Gaoshiti-Moxi area is from À29.1‰ to À26.8‰, quite different from the above natural gases, which mainly shows the differences in kerogen types. (3) Light hydrocarbons of C 6 eC 7 mainly consist of cyclanes and isomerization alkanes, which is the feature of oil cracking gas.
Introduction
Many researchers have made in-depth study on the characteristics and the source of natural gas in Sinian-Lower Palaeozoic of the Sichuan Basin, and reached a number of conclusions, but the mainstream viewpoint is that the Sinian gas in the Weiyuan and Ziyang areas was from the Lower Cambrian Qiongzhusi Fm shale [1, 2] , while other viewpoints hold that gas was generated by Sinian itself [3] , SinianCambrian mixed source gas [4] , water soluble gas exsolution gas [2, 5] and deep inorganic origin gas [6, 7] , etc.; and that in the composition of non-hydrocarbon gas, the high N 2 content is related to the high-over mature argillaceous source rocks [2, 8, 9] , while the high He content is related to the radioactive matter in the argillaceous source rocks [4, 7] . In this paper, based on the understandings of the previous studies and combined with the latest analytic data, in terms of the component of gas, isotope and light hydrocarbon composition characteristics, the geochemical characteristics and origins of natural gases of different series of strata in different areas are demonstrated, in the hope to provide geologic bases for the expanding exploration of Sinian-Cambrian natural gas in the Sichuan Basin.
Compositional characteristics and origin of natural gas
The composition of natural gas in Sinian and Cambrian of the Sichuan Basin is dominantly hydrocarbon gas on the whole, with a methane content of 74.85%e97.35%, a ethane content of 0.01%e0.35% ( Fig. 1-a) , and trace propane occasionally. The gas with a drying coefficient of 0.9960e0.9999 ( Fig. 1-b) , is typical dry gas. Non-hydrocarbon gases mainly include N 2 , CO 2 , H 2 S, He and trace Ar, and N 2 and CO 2 predominate; specifically, the content of N 2 and CO 2 is 0.44%e15.45% (Fig. 1-c) and 0.08%e17.06% respectively, H 2 S content is 0.001%e5.56%, mostly less than 1.5%, He content is 0e0.43%, mostly 0.15%e0.40%, and Ar content is trace-0.173% ( Fig. 1-d) .
The composition of natural gas is somewhat different in different structural units or structural locations: the natural gas in the Weiyuan and Ziyang areas has a main methane content of 83%e93% and relatively high N 2 and He contents, mainly 4%e10% and 0.1%e0.4% respectively; whereas in the Gaoshiti-Moxi area, the natural gas has a main methane content of 87%e97%, and N 2 and He content, relatively low, of mainly 0.4%e4.6% and 0.01%e0.07% respectively. The high N 2 content is related to the gas generation of argillaceous source rocks in a high mature stage, whereas the formation of He is related to the relatively higher content of radioactive minerals like uranium and thorium in the argillaceous source rocks. Furthermore, the 3 He/ 4 He ratio of these natural gases ranges between 3.50 Â 10 À8 and 13.66 Â 10 À8 , and the ratio of 3 He/ 4 He (R) in the sample gas to 3 He/ 4 He (Ra) of the atmosphere ranges between 0.022 and 0.090, less than the criterion of crust source He (R/Ra is 0.01e0.10). Therefore, He in the natural gas is of crust source origin.
Obviously, the composition of natural gas in the GaoshitiMoxi area is somewhat different from that in the SinianCambrian of the Weiyuan gas field and the Sinian in the Ziyang area, which may possibly result from the difference in kerogen types.
3. Isotopic composition characteristics and origin of natural gas
Carbon isotope composition of natural gas
The samples used in the natural gas isotope analysis were taken from the Sinian and Cambrian in the Gaoshiti-Moxi area and the Sinian, Cambrian and Ordovician in the Weiyuan gas field, and the analysis results are listed in Ordovician of the Weiyuan area and the Sinian Dengying Fm and the Cambrian Longwangmiao Fm of the GaoshitiMoxi area, ranging between À33.9‰ and À32.0‰. The difference in d 13 C 1 value mainly reflects the difference in capture stage of natural gas, and the isotope of natural gas trapped at early stage is lighter. 2) Difference in d 13 C 2 value of natural gas: the d 13 C 2 value of natural gas in Sinian-Ordovician of the Weiyuan area and the Cambrian Longwangmiao Fm of the Moxi area is À36.5‰ to À32.7‰ and À33.6‰ to À31.8‰ respectively ( Fig. 2-a) , but in the Cambrian Longwangmiao Fm, the methane and ethane carbon isotope values of natural gas are reversed apparently ( Fig. 2-b) ; while in the Sinian Dengying Fm of the Gaoshiti-Moxi area, the d 13 C 2 value of natural gas is largely different from the aforesaid natural gases, falling in between À29.1‰ and À26.8‰. The difference in d 13 C 2 value indicates that the kerogen type of source rock is different, because although affected by the thermal evolution level and kerogen type, the d 13 C 2 value mainly reflects the kerogen type.
Carbon isotope of methane and its homologues are affected by both the original kerogen type and maturity. Because the 12 Ce 12 C bond energy is much lower than the 13 Ce 12 C (or 13 Ce 13 C) bond energy, the natural gas generated at lowmaturity is rich in 12 C, resulting in lighter carbon isotope; as the maturity of source rocks increases, the generated natural gas is increasingly rich in heavy isotope 13 C. The reason for this is that with the rise of maturity, the carbon isotope kinetic effect not only causes the rupture of 12 Ce 12 C bond, but also the successive rupture of 13 Ce 12 C and 13 Ce 13 C bonds. Besides, the carbon isotopes of methane and its homologues in sapropelic natural gas are lighter than that of humic natural gas, furthermore, the carbon isotope values of heavy hydrocarbon gas like ethane have stronger stability and kerogen type inheritance than the methane carbon isotope; although also affected by thermal evolution level, they mainly reflect the hydrocarbon generation kerogen type, and with the increase of carbon number of alkane gas, the carbon isotope stability and inheritance get more stronger. It can be seen from Fig. 2 , natural gas in the Qiongzhusi Fm and in the Weiyuan area is typical self-generating and selfpreserving gas, and the methane and ethane carbon isotope values are both very light, reflecting the cumulative effect of isotopes. Because in the same evolution stage, the isotope value of gas generated instantaneously is generally heavier than that of cumulative gas. therefore, it is believed that the Qiongzhusi Fm natural gas in Weiyuan area consists of both gas generated at the early stage of the source rocks and gas generated at the late stage, which shows the combined effect of cumulative gas. In addition, the isotope values of other natural gases all are heavier than that in the Qiongzhusi Fm, indicating that the gas was captured at the late stage. The carbon isotope values of methane in different intervals and structures are basically the same, revealing that their maturity is approximately the same; whereas the difference in ethane carbon isotope values suggests that their kerogen sources are not the same. The natural gases in the Longwangmiao Fm of the Gaoshiti-Moxi area and Sinian-Ordovician of the Weiyuan area all are from the Cambrian source rocks; whereas in Sinian of the Gaoshiti-Moxi area, apart from the Cambrian source rocks, the Sinian source rocks themselves also made some contribution, therefore, the natural gas there is of mixed source.
The "reversal" of alkane carbon isotope is generally believed to be the results of the following five activities [11] . 1) Mixing of organic alkane gas and inorganic alkane gas, which can be excluded because there is no evidence of inorganic gas in the gas here. 2) Mixing of coal-type gas and oil-type gas, which can be excluded because coal-type gas source rock is not developed in the Sinian-Lower Palaeozoic. 3) Some components of alkane gas are oxidized by bacteria, resulting in heavier carbon isotopes of remained components, hence coming the "reversal"; however, there is no evidence that the natural gases have ever suffered from oxidation, therefore, this can be excluded. 4) The increase in reservoir temperature causes the positive carbon isotope series to "reverse"; based on research, when the reservoir temperature is higher than 200 C (i.e., the temperature at which the crude oil is substantially cracked into gas), the positive carbon isotope series becomes negative carbon isotope series, i.e., 13 C 1 > 13 C 2 > 13 C 3 ; although both Sinian and Cambrian reservoirs experienced maximum paleogeotemperature of over 200
C and the process of crude oil cracking into gas, the "reversal" status of carbon isotopes of natural gases in them is somewhat different; obviously, high temperature can't explain the difference completely. 5) Mixing of "isotypic and allogenic" or "isogenic and asynchronous" natural gas may be the leading cause of the "reversal" methane and ethane carbon isotope values of natural gases in Sinian-Lower Palaeozoic of the Sichuan Basin.
Hydrogen isotope composition characteristics of natural gas
The hydrogen isotope composition of natural gas is affected by factors like aqueous medium salinity and maturity etc. in the depositional setting of the source rocks, among which, maturity plays an important role, causing the dD value of natural gas to become heavier with the increase of source rock maturity. This is principally because the affinity of CeC bond of organic generative kerogen with eCH 2 D functional group is stronger than that with eCH 3 , the CeCH 2 D bond rupture can occur only under an increased thermal force, which results in the relative enrichment of deuterium concentration in methane at higher maturity (i.e., increase of dD value) [12] . The dD value of methane homologues also has the same variation pattern as methane. It can be seen from Table 1 , the methane hydrogen isotope values of natural gases in Sinian and Cambrian of the Gaoshiti-Moxi area have some differences, i.e., À150‰ to À135‰ for the former and À135‰ to À131‰ for the latter. When the methane carbon isotope values of natural gases are basically the same (i.e., reflecting a similar maturity), the heavier methane hydrogen isotope value suggests that the aqueous medium salinity of the depositional setting of generative kerogen is higher. This also reflects from another side that the generative kerogen source of natural gases in Sinian and Cambrian of the Gaoshiti-Moxi area is not the same.
C 6 eC 7 light hydrocarbon composition characteristics of natural gas
The light hydrocarbon of natural gas generally refers to the compound with molecular carbon number of 6e7, and it is the intermediate product between natural gas and crude oil; within the scope of this carbon number, the hydrocarbon isomers are very abundant, and the light hydrocarbon information is far richer than gaseous hydrocarbon. In the light hydrocarbon composition, the variation in methyl cyclohexane/normal heptane ratio is closely related to the type of organic matter in general, and the methyl cyclohexane content in natural gas originated from humic generative kerogen is relatively high. However, through a comparative analysis of the light hydrocarbon composition-thermal simulation products of different organic matters, it is found that the oil-cracking gas and the kerogen cracked gas are apparently different in two indices, (dimethylhexane þ trimethylhexane)/normal hexane ratio and methylcyclohexane/normal heptane ratio, i.e., the methyl cyclohexane/normal heptane ratio is lower in the kerogen cracked gas, but generally higher in the crude cracked gas [13] . Therefore, it is possible to discriminate the crude cracked gas from the kerogen cracked gas with the above 2 indices (Fig. 3) . When the above light hydrocarbon parameter ratios of natural gases in Sinian of the Gaoshiti-Moxi structure, Longwangmiao Fm of the Moxi structure and Sinian-Ordovician of the Weiyuan structure in the Sichuan Basin are projected in Fig. 3 , it can be seen that both the methylcyclohexane/normal ratio and the (dimethylhexane þ trimethylhexane)/normal hexane ratio of these natural gases are higher, falling in the scope of secondary oil-cracking gas. Therefore, the natural gases in Sinian of the Gaoshiti-Moxi structure and Longwangmiao Fm of the Moxi structure are believed to be oilcracking gas. This agrees with the conclusion from the relation between ln(C 1 /C 2 ) ratio and ln(C 2 /C 3 ) ratio [14, 15] (Fig. 4) . The main discrimination basis is the lnC 1 /C 2 elnC 2 / C 3 type curve (Fig. 4-a) presented by Prinzofer [14] . For the primary kerogen cracked gas, the C 1 /C 2 ratio increases gradually, and the C 2 /C 3 ratio basically keeps stable; the case with secondary oil-cracking gas is just on the contrary, i.e., the C 1 / C 2 ratio basically keeps stable, but the C 2 /C 3 ratio increases gradually. This means that with the increase of the thermal evolution level, the C 2 and C 3 content generated by kerogen relatively keep stable, but the growth of C 1 is relatively fast, and the C 1 content generated changes largely in scope; whereas for the secondary crude cracked gas, because the C 3 cracking rate is faster than C 2 and C 1 under the same conditions, the relative content of C 3 changes more widely in scope. Therefore, theoretically, the kerogen cracked gas is characterized by swift growth of methane, while the crude cracked gas by high decline rate of C 3 .
When projecting the ln(C 1 /C 2 ) ratio and ln(C 2 /C 3 ) ratio of natural gases in the Gaoshiti-Moxi and Weiyuan areas on this chart, it can be seen clearly in Fig. 4 -b that the C 1 /C 2 ratio of these natural gases changes little, but the C 2 /C 3 ratio changes widely, both showing the characteristics of oil-cracking gas. In addition, abundant bitumen left in reservoir after oil cracking is another important evidence that the gas is oil-cracking gas. 
Conclusions
1) Sinian and Cambrian natural gases are typical dry gas, with the drying coefficient of over 0.99, and gaseous hydrocarbon in dominance; the composition of natural gas is different in different structures: N 2 and He contents are relatively high in the Weiyuan-Ziyang structure, which is mainly related to the contribution of argillaceous source rocks, while in the Gaoshiti-Moxi area, the N 2 and He content in natural gas is relatively low, indicating that the generative kerogen types are not the same in the two areas.
2) The carbon and hydrogen isotope values of natural gases are quite different in different areas. There are a variety of reasons. The difference in methane carbon isotope value reflects different capture stages, and the natural gas captured at an early stage has lighter carbon isotope; the difference in ethane carbon isotopes reflects different generative kerogen types; the hydrogen isotope value of natural gas in the Dengying Fm of the Gaoshiti-Moxi area is relatively light, while that in the Longwangmiao Fm is relatively heavy, indicating that the aqueous medium conditions in the depositional setting of generative kerogen are not the same.
3) The C 1 eC 3 components and C 6 eC 7 light hydrocarbon composition of natural gases in different areas all show that the natural gases in the Sinian-Lower Palaeozoic are dominantly oil-cracking gas.
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